. Distinct expression patterns of genes associated with muscle growth and adipose deposition in Tibetan pigs: a possible adaptive mechanism for high altitude conditions. High Alt. Med. Biol. 10:45-55, 2009.-To investigate the genetic mechanisms underlying high altitude adaptations in Tibetan pigs, changes in the expression of 140 genes associated with muscle growth and adipose deposition in the longissimus dorsi muscle were studied at various growth stages in Tibetan, Landrace, and Meishan pigs using microarray analysis. Analysis of variance (ANOVA) revealed significant differences in the expression of 13 genes (p Ͻ 0.05) and highly significant differences in the expression of 15 genes (p Ͻ 0.01) among the three pig breeds at 2 months. Differences in the expression of 7 genes were significant (p Ͻ 0.05) and differences in the expression of 10 genes were very significant (p Ͻ 0.01) in Tibetan pigs from 2 to 8 months. Tibetan pigs had significantly lower body weight than Landrace and Meishan pigs at 2 months and a larger myofiber cross-sectional area (CSA). Cluster analysis showed two significant (p Ͻ 0.01) gene expression patterns in Tibetan pigs, in addition to strong downregulation or upregulation of genes between 2 and 8 months. These results indicate that, in Tibetan pigs aged 2 to 8 months, the growth intensity of skeletal muscle is higher than that of intramuscular fat (IMF). The genes that exhibited downregulation were mainly those controlling adipose deposition, whereas the genes that were upregulated were primarily involved in adipose metabolism and skeletal muscle growth. These results are consistent with the unique genetic characteristics of Tibetan pigs, which have likely adapted to the unusual ecological conditions in high altitude areas.
Introduction

T
IBETAN PIGS ARE A SPECIAL SUBSPECIES of domestic pig living in the Qing-Tibet plateau and are primarily distributed over a large area in southwest China at altitudes ranging from 2200 to 4400 m (Fig. 1) . Few exotic pig breeds have been introduced into the habitat of Chinese native Tibetan pigs due to their geographic isolation. The Tibetan pig is well adapted to its harsh environment of hypoxia, low temperature, high solar radiation, and lack of biological production and is characterized by black skin and hard hair, small erect ears, a short trunk, little fat, and abundant muscle that provides highly flavored pork. It is well known for its remarkably strong adaptability, robustness, and resistance to disease compared to other pig breeds. Landrace pigs, a typical lean-type western breed, have been intensively selected over the past two decades for rapid, large, and efficient accumulation of muscle and are now widely used for commercial production throughout the world. On the other hand, Meishan pigs, a typical fatty-type indigenous Chinese breed, have lower growth rates and less lean meat content than conventional western pig breeds and are now distributed widely in China due to their excellent reproductive performance. Both Landrace and Meishan pigs are lowland breeds and have not adapted to high altitude conditions.
The growth and development of muscle and adipose tissue are complex physiological processes involving multiple genes (Davoli and Braglia, 2007) . At present, little is known about the molecular basis of pork growth; in particular, the genetic complexity underlying the excellent phenotypic variation of Tibetan pigs in relation to porcine breeding programs and selection criteria remains only partially understood. Here we describe a pathway-focused analysis of gene expression changes in the longissimus dorsi muscle at various growth stages in Tibetan (at 2, 4, 6, and 8 months of age), Landrace (2 months of age), and Meishan pigs (2 months of age). Our results could be beneficial to researchers attempting to utilize Tibetan pigs as a specific genetic resource for animal agriculture and an animal model for high altitude medicine research.
Materials and Methods
Animals and tissue collection
In the present study, at each of 2, 4, 6, and 8 months of age, four female Tibetan pigs (total of 16 pigs) were provided by the Tibetan pig pure-breed cultivation farm of the husbandry institute in Daocheng district (3750 m), Ganzi Tibetan autonomous prefecture of Sichuan province, while four female Landrace and four female Taihu pigs at 2 months of age were provided by the experimental pig farm of Sichuan agricultural university, Ya'an city (780 m) of Sichuan province. The animals were reared and sacrificed in compliance with national regulations for the humane care and use of animals in research. The longissimus dorsi muscle near the last third or fourth rib was rapidly and manually dissected from each cleaved pig. These samples were immediately submerged in RNAlater (Qiagen Co., Shanghai, China Germany) for RNA preservation, after which they were crushed to powder with liquid nitrogen, subdivided per 80-to 100-mg parts and stored at Ϫ70°C until further use.
Muscle measurements and statistical analysis
After sacrifiing, all muscles were fixed in 10% neutral buffered formalin solution, embedded in paraffin using a TP1020 semienclosed tissue processor (Leica Co., Wetzlar, Germany, Germany), sliced at a thickness of 6 m using a RM2135 rotary microtome (Leica Co.), and stained with hematoxylin and eosin (H&E). The myofiber cross-sectional area (CSA) was counted on an average of 100 fibers in randomly selected fields using a TE2000 fluorescence microscope (Nikon Co., Tokyo, Japan, Japan) and Image Pro-Plus 6.0 software (Media Cybernetics Co., Bethesda, Maryland, USA). The intramuscular fat (IMF) content was measured by a heat extraction-oil weight method using the SoxtecAvanti 2055 extraction system (Foss Co., Hillerod, Denmark). Differences in the recorded variables were assessed with a oneway analysis of variance (ANOVA) by using statistics software SAS, release 8.0 (SAS, Inc., Beijing, China). Values are presented as means Ϯ standard deviation (SD).
Microarray construction
One hundred and forty genes involved in the biological processes of muscle growth and adipose metabolism were selected with the aid of gene annotations of Gene Ontology (GO) terms and hundreds of biomedical papers using OntoDesign (Draghici et al., 2003) and GoPubMed (Doms and Schroeder, 2005) tools. The set of 140 oligonucleotides represents porcine cDNAs and ESTs and was designed from TIGR TC cDNA sequences (SsGI release 12.0). Each synthesized ϳ70 mer oligonucleotide was spotted four times, and each control gene was spotted eight times on GAPS II slides (Corning Co., New York, USA) using an OmniGrid100 microarrayer (Gene Machine, Inc., Victoria, Texas, USA). All information about this microarray has been submitted to the NCBI Gene Expression Omnibus (GEO) database under accession number GPL5171.
Microarray hybridization and image processing
Total RNA was prepared from the frozen longissimus dorsi muscle using a RNeasy Fibrous Tissue Min kit (Qiagen Co.) according to the manufacturer's protocol for all samples. The purified RNA was quantified using an Agilent 2100 bioanalyzer (Agilent Co., Santa Clara, California, USA). Equal quantities of total RNA from four individuals at each stage for each breed were pooled. Temporal gene expression changes within Tibetan pigs were analyzed with microarrays using a direct-sequential design. Breed changes in gene expression at 2 months of age were analyzed with microarrays using a direct-loop design (Churchill, 2002; . Cy3-and Cy5-labeled cRNAs were prepared and hybridized to slides at 42°C for 12 to 14 h using a Low RNA Input Linear Amplification Plus-Two Color kit (Agilent Co.) and a Pronto Universal Hybridization kit (Corning Co.) according to the manufacturer's protocol. The slides were scanned at 532 nm (for Cy3) and 635 nm (for Cy5) using the ScanArray 4000 scanner (Perkin Elmer Co., Waltham, Massachusetts, USA). Scanned images were analyzed using ImaGene 7.5 software (Bio Discovery Co., El Segundo, California, USA). All raw microarray data have been deposited in the NCBI GEO database under accession number GSE7858.
Normalization of microarray data
Local background values and negative control values were subtracted from signal means, respectively. Following log transformation, composite loess and print-tip loess normalization were applied to remove intensitydependent dye bias from each slide using the WebArray online platform (http://bioinformatics.skcc.org/webarray) (Xia et al., 2005) . Four replicate spots within-array were incorporated using a pooled correlation method (Smyth et al., 2005) . Genes were filtered with more than 70% missing (across arrays); then missing values were imputed using a five-nearest-neighbor method (Troyanskaya et al., 2001) .
Differential gene expression analysis
An extended variance analysis (ANOVA) modeling approach was used to analyze the microarray data using the J/maanova package (Kerr et al., 2000) . To analyze breed effect at 2 months of age with a simultaneous consideration of all blocking factors used in the experimental design, a genespecific model was applied:
where Y ijklm denotes the fluorescent intensity signal of the mth gene (n ϭ 1, . . . , 103), ith array (i ϭ 1, 2, 3), jth dye (j ϭ 1, 2), kth breed (k ϭ 1, 2, 3), and lth RNA pool (l ϭ 1, 2, 3); is an overall mean value; A i is the fixed effect of array i; D j is the fixed effect of dye j; B k is the fixed effect of breed k; S l is the random effect of RNA pool l; and ijklm is a stochastic error (assumed to be normally distributed with mean 0 and variance 2 ). Identification of time effects for Tibetan pigs was also performed using the gene-specific model:
where Y ijklm denotes the fluorescent intensity signal of the mth gene (n ϭ 1, . . . , 103), ith array (i ϭ 1, 2, 3), jth dye (j ϭ 1, 2), kth month (k ϭ 1, 2, 3, 4), and lth RNA pool (l ϭ 1, 2, 3, 4); is an overall mean value; A i is the fixed effect of array i; D j is the fixed effect of dye j; T k is the fixed effect of month k; S l is the random effect of RNA pool l; and ijklm is a stochastic error (assumed to be normally distributed with mean 0 and variance 2 ) (Wolfinger et al., 2001) . Variance components of the mixed linear model (MLM) were estimated using a restricted maximum likelihood (REML) method, and false discover rate (FDR) was controlled using a step-down method. The FDR-adjusted permutation p values were generated after being iterated 10,000 times, which we obtained from an empirical Bayes test based on shrinkage estimates of the variance components (Cui et al., 2005) .
Gene class test (GCT)
GCT analysis was performed using the ErmineJ tool (Lee et al., 2005) . Genes with similar biological functions were clustered into a same gene group based on existing GO annotations and relative literatures. The FDR-adjusted permutation p values of the above ANOVA were analyzed using a gene score resampling (GSR) algorithm for 200,000 iterations to determine which gene group was significant below the Benjamini-Hochberg FDR-corrected p value of 0.05 or 0.01.
Clustering analysis
Gene expression patterns in the investigated four growth stages of Tibetan pigs were identified using the Short TimeSeries Expression Miner (STEM) tool (Ernst and Bar-Joseph, 2006) . The log 2 -transformed fluorescent intensity signals were subjected to clustering. The data sets were divided into eight predetermined temporal expression patterns, with two times the maximum unit change in model profiles between two discretionary time points. FDR-corrected p values from a multiple hypothesis test (MHT) were obtained to determine the significance of each cluster.
Quantitative real-time RT-PCR (qRT-PCR)
qRT-PCR (SYBR Green I) analysis was performed on five differentially expressed genes, IGF-II, IGFR1, IGFBP5, PPARGC-1, and RYR1, each normalized to ACTB, TBP, and TOP2B. Primers of eight target sequences were picked using a Primer3 program (http://frodo.wi.mit.edu/) ( Table 1) . Pooled RNAs of each stage and breed collected for the microarray analysis were also used for qRT-PCR analysis. A two-step reverse transcription PCR method was used to generate cDNA, using the SYBR PrimeScript RT-PCR kit (TaKaRa Co., Dalian, China) according to the manufacturer's protocol. Real-time fluorescent measuring was conducted on the iQ5 real-time PCR detection system (Bio Rad Co., Hercules, California, USA). All experiments contained a negative control, and samples were analyzed in three independent runs. Normalized factors of internal control genes and relative quantities of objective genes were analyzed using the geNorm tool (Vandesompele et al., 2002) . The reliability of the microarrays was determined with a Pearson correlation analysis between the two measures of expression by using statistics software SAS, release 8.0 (SAS, Inc.). Values are presented as Pearson correlation coefficients (r) and p values.
Results
Body weight and muscle traits
Tibetan pigs had a lower body weight than Landrace (p Ͻ 0.01) and Meishan pigs (p Ͻ 0.05) at 2 months (Table 2) . Body weight, CSA, and IMF content, however, were all greatly increased in Tibetan pigs from 2 to 8 months (Table 3) .
Significance tests for differential gene expression and gene groups
Using FDR-adjusted permutation p values, we found 13 genes with significant differential expression (p Ͻ 0.05) and 15 genes with highly significant differential expression (p Ͻ 0.01) among the three pig breeds at 2 months of age. Seven genes showed significant differential expression (p Ͻ 0.05) and 10 genes showed highly significant differential expression (p Ͻ 0.01) through all four growth stages in Tibetan pigs (Table 4) . To reduce the interpretive challenge posed by the ZHU ET AL. 48 (Table 4) .
Clustering of time-series data (STEM)
The predominant temporal expression patterns were identified using a unique STEM algorithm (Fig. 2) . Clusters 2 [n (E) ϭ 15.8, n ϭ 32] and 8 [n (E) ϭ 15.8, n ϭ 39) of Tibetan pigs were judged to be statistically very significant between the number of genes expected [n (E) ] and the number of genes assigned (n) (p Ͻ 0.01), potentially containing genes that were coordinately regulated.
Validation of microarray data by qRT-PCR
qRT-PCR, a more sensitive and specific measure of gene expression, was performed to determine the reliability of the microarrays. In total, eight well-established and relevant genes were selected to be tested by qRT-PCR. The expression trend of the genes was the same as that obtained by microarray analysis during the period from 2 to 8 months for Tibetan pigs; however, the amplitude of the change differed between the two methods (Fig. 3) .
Discussion
We found that Tibetan pigs had lower body weight (3.90 Ϯ 0.44 kg) than Landrace (11.97 Ϯ 0.79 kg) and Meishan pigs (6.92 Ϯ 0.86 kg); however, the CSA of Tibetan pigs (0.45 Ϯ 0.04 ϫ10 3 m 2 ) was higher than in Landrace (0.43 Ϯ 0.03 ϫ10 3 m 2 ) or Meishan pigs (0.32 Ϯ 0.04 ϫ 10 3 m 2 ) at 2 months of age (Table 2 ). In addition, the increase in CAS from 2 to 8 months in Tibetan pigs (15.09-fold) was greater than the increase in their body weight over the same period (5.49-fold) (Table 3 ). These results indicate that skeletal muscle grows more rapidly in Tibetan pigs than in the other two pig breeds. In Tibetan pigs, the growth and development of skeletal muscle were greater than that for many other organs during the period from 2 to 8 months. These results are consistent with the special breeding characteristics of Tibetan pigs: a highly developed respiratory system, greater exercise performance and muscularity, and strong wildness and pugnacity.
The results of ANOVA indicated that 28 genes among the three pig breeds (15 genes at p Ͻ 0.01 and 13 genes at p Ͻ 0.05) showed differential expression at 2 months of age (Table 4 ). These findings suggest that the distinct differences in muscle-fiber number, growth rate, and IMF-deposition ability among Tibetan (a Chinese plateau breed with a grazing regime), Landrace (a western highly developed lowland breed kept in confinement), and Meishan pigs (a Chinese domestic lowland breed kept in confinement) may closely correlate with the expression changes of these genes. Expression levels of genes that could positively regulate fatty acid metabolism, such as ADIPOR2 and FABP3, in addition to genes that could negatively regulate protein biosynthesis, such as PTGFRN, showed upregulation in Tibetan pigs compared to the other two breeds. On the other hand, expression levels of genes that could positively regulate fatty acid biosynthesis, such as FASN, GPD1, SCD, and TPI1, showed downregulation in Tibetan pigs compared to Meishan pigs. Strikingly, the expression level of MYH2B, which encodes a myofiber of the fast-twitch glycolytic type (Lefaucheur et al., 2002) , was clearly decreased in Tibetan pigs compared to the other two breeds (p Ͻ 0.01). Consistent with this finding, the muscles of Tibetan pigs exhibited less glycolytic and more oxidative metabolism, potentially using more lipids as an energetic substrate. This metabolic profile is consistent with the slower growth rate of Tibetan pigs. In addition, the expression level of UGP2, which plays a key role in carbohydrate metabolism (Looft et al., 2000) , showed upregulation in Tibetan pigs compared to the other two breeds (p Ͻ 0.01). These results could be explained by the fact that the diet of Landrace and Meishan pigs is almost entirely high-energy concentrate with barn feeding, while the diet of the Tibetan pigs has a low-energy carbohydrate and high fiber content with their grazing regime, which includes silverweed cinquefoil (Potentilla anserina L.), creeping oxalis (Oxalis corniculata L.), annual fleabane [Erigeron annuus (L.) Pers.)], wild carrot (Daucus carota L.), bulbil knotweed (Polygonum viviparum L.), sickle medick (Medicago falcata L.), and others. Tibetan pigs in the high plateau areas therefore exhibit a unique variety of characteristics to adapt to roughage feed with a low nutritional level. The primary limitation of muscle parameters and gene expression among the three pig breeds at only one time (2 months of age) was measured, and future experiments similar to those reported here should be conducted using a wider variety of growth stages and pig breeds.
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Seventeen genes in Tibetan pigs (10 genes at p Ͻ 0.01 and 7 genes at p Ͻ 0.05) showed differential expression during the period from 2 to 8 months (Table 4) . These results indicate that this group of genes may be subject to special regulation and may exhibit dramatic expression changes based on particular biological functions at different developmental stages. Numerous studies have shown that most of these differentially expressed genes have an important influence on porcine muscle growth and adipose deposition (e.g., ACAA, CSRP3, CSTB, DGAT, FABP3, IGFBP3, MYOG, PPARD, RYR1, SIRT2) (Rankinen et al., 2006; Dayton and White, 2008) .
ACAA is an enzyme that acts in the ␤-oxidation system of peroxisomes (Poirier et al., 2006) . Deficiency of this enzyme leads to pseudo-Zellweger syndrome (peroxisomal thiolase deficiency) (Poggi-Travert et al., 1995) . CSRP3, also known as muscle LIM protein (MLP), is a positive regulator of myogenesis (Barash et al., 2005) . CSTB is thought to play a role in protecting against proteases leaking from lysosomes and was studied as a candidate gene for having a major effect on the tenderness of fresh pork muscle a few days after slaughtering (Russo et al., 2002) . The enzyme encoded by DGAT utilizes diacylglycerol and fatty acyl CoA as substrates to catalyze the final stage of triacylglycerol synthesis (Matsuda and Tomoda, 2007) . FABP3, a member of the FABP family, plays an essential role in long-chain fatty acid uptake and metabolic homeostasis (Chmurzyñska, 2006) . Arnyasi and colleagues (2006) reported that FABP3 polymorphisms might explain as much as 30% to 35% of the variation in IMF content in their pig cross-population. IGFBP3 is a positive regulator of myoblast differentiation; it forms a ternary complex with insulinlike growth factor acid-labile subunit (IG-FALS) and either insulinlike growth factor (IGF) I or II (Foulstone et al., 2003) . MYOG, a muscle-specific transcription factor, is essential for the development of functional skeletal muscle (Knapp et al., 2006) and was studied as a candidate gene for having a major effect on porcine birth weight, growth rate, carcass weight, and lean meat percentage (An-ZHU ET AL. 52 , 2006) . PPARD plays a central role in fatty acid-controlled differentiation of preadipose cells, and the modulation of PPARD expression or activity could affect the adaptive responses of white adipose tissue to nutritional changes (Fürnsinn et al., 2007) . RYR1, also known as the halothane (Hal) gene, regulates Ca 2ϩ transport across muscle cell membranes and is referred to as the porcine stress syndrome (PSS) gene; it has been extensively applied to marker-assisted selection (MAS) in porcine breeding programs (Fujii et al., 1991) . The PSE defect of meat, as characterized by pale, soft, and exudative muscles, has the same inheritance as PSS or malignant hyperthermia syndrome (MHS). SIRT2 is a negative regulator of striated muscle development that modulates muscle gene expression and differentiation, perhaps by functioning as a redox sensor (Inoue et al., 2007) . It is noteworthy that the expression level of LDHB decreases with an accompanying increase in body growth. LDHB plays an essential role in the last step of anaerobic glycolysis in which pyruvate is converted to L-lactate. To meet the energy consumption needs of an animal under hypoxic conditions, more ATP is released in response to the acceleration of the catalytic reaction by increased expression of the LDHB protein (Colgan et al., 2007) . This finding indicates that Tibetan pigs can rapidly reach hypoxic acclimatization by compensatory and adaptive responses with prolonged survival time on the plateau, illustrating the adaptive mechanism of Tibetan pigs for high altitude hypoxia. On the basis of the strict criteria of GCT, the expression level of gene group i was very significantly altered among the three pig breeds at 2 months of age (p ErmineJ Ͻ 0.01), and gene group j was significantly altered during the period from 2 to 8 months in Tibetan pigs (p ErmineJ Ͻ 0.05) ( Table 4) . Group i consisted of nine myogenic determination factors (MDFs), suggesting that the distinct differences in development and growth of skeletal muscle among the three pig breeds at 2 months of age could be closely correlated with expression changes of these genes. Group j consisted of 19 gene-encoding enzymes, regulatory proteins, and binding proteins associated with skeletal muscle fiber development and growth, suggesting that the development and growth of skeletal muscle was the most active physiological and biochemical process in 12 prearranged gene groups representing different biological functions during the period from 2 to 8 months in Tibetan pigs. These findings are consistent with the distinct biological characteristics of Tibetan pigs: freedom feeding under grazing, maximal amount of exercise, and muscularity.
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FIG. 2. Gene expression patterns of
The results of STEM clustering indicated that the predominant expression patterns in Tibetan pigs were 2 and 8, including 32 and 39 genes (p Ͻ 0.01), respectively (Fig. 2) . Interestingly, genes with expression pattern 2 exhibited downregulation, while genes with expression pattern 8 exhibited upregulation. By classifying genes with these two expression patterns based on their known biological functions, with specific emphasis on their regulatory effects, we found that most genes with expression pattern 2 were linked to positive regulation of fatty acid biosynthesis and inhibition of myofiber formation. Most genes with expression pattern 8, on the other hand, were linked to the positive regulation of myofiber formation, glycolysis, and fatty acid ␤-oxidation. Thus, it makes sense that in Tibetan pigs aged 2 to 8 months the growth rate of skeletal muscle is higher than that of IMF. The active processes of glycolysis and fatty acid ␤-oxidation can generate ample energy to meet the high exercise level of Tibetan pigs.
In addition, the average Pearson correlation coefficient between microarray and qRT-PCR expression data for five selected genes over four growth stages for Tibetan pigs was 0.856 Ϯ 0.109, demonstrating that the microarray technique used in this study was accurate and reproducible.
Limitations
To our knowledge, this investigation was the first limited study of high altitude adaptation in Tibetan pigs. We observed distinct expression patterns for genes associated with muscle growth and adipose deposition in Tibetan pigs, and these expression patterns may closely correlate with adaptive mechanisms for high altitude conditions. Further research is necessary to explore the changes in gene-specific expression of other lowland pig strains given the same high altitude environment and diet as the Tibetan pigs. In addition, we only focused on mRNA expression levels in skeletal muscle; however, measuring protein levels would give us greater understanding of high altitude adaptations. Future functional studies will be necessary to confirm the findings presented in this study.
